Norrie disease is an X-linked recessive syndrome of blindness, deafness, and mental retardation. A knock-out mouse model with an Ndp gene disruption was studied. We examined the hearing phenotype, including audiological, histological, and vascular evaluations. As is seen in humans, the mice had progressive hearing loss leading to profound deafness. The primary lesion was localized to the stria vascularis, which houses the main vasculature of the cochlea. Fluorescent dyes showed an abnormal vasculature in this region and eventual loss of two-thirds of the vessels. We propose that one of the principal functions of norrin in the ear is to regulate the interaction of the cochlea with its vasculature.
Norrie disease is an X-linked recessive neurological syndrome that has been characterized extensively by Warburg (1961 Warburg ( , 1963 Warburg ( , 1965 Warburg ( , 1966 . The characteristic feature is congenital bilateral blindness with a prominent intraocular mass (pseudoglioma). An additional ocular phenotype of note is a partial avascularity of the retina. Most, if not all, patients manifest hearing loss (Parving and Warburg, 1977; C. Halpin and H. L. Rehm, unpublished observations) , although its onset may range from 4 months to 45 years (Gorlin et al., 1995) . Also, mental retardation and/or psychotic features develop in approximately two-thirds of patients (Gorlin et al., 1995) .
Since the Norrie disease gene, NDP (Norrie disease, pseudoglioma), was cloned Chen et al., 1992) , Ͼ80 different mutations have been found (Online Mendelian Inheritance in Man, 2001 ). In addition, the X-linked form of familial exudative vitreoretinopathy (FEVR) was found to be caused by missense mutations in NDP (Chen et al., 1993; Fuchs et al., 1995; Meindl et al., 1995; Torrente et al., 1997; Shastry et al., 1997; Shastry, 1998) . Many patients with X-linked FEVR report no vision problems, although all have some degree of retinal avascularity and a significant portion have more severe pathology (Guyer et al., 1999) .
NDP encodes a small secreted protein belonging to the cysteine knot growth factor family Meitinger et al., 1993) , which is expressed in the brain and the retina, but not in the heart, spleen, lung, muscle, liver, kidney, or testis Chen et al., 1992) . By in situ hybridization, Ndp expression begins after embryonic day 18 (in mice) and is found in the neural layers of the retina, throughout the brain, and in the spiral ganglion and stria vascularis of the cochlea (Berger et al., 1996; Z.-Y. Chen, unpublished observations) .
A knock-out mouse model of Norrie disease shows fibrous masses in the vitreous body of the eye as well as consistent disorganization of the ganglion cells of the retina and sporadic disorganization or degeneration of other cells in the retina (Berger et al., 1996) . The retinal vasculature in mice with Norrie disease is abnormal by postnatal day 9 (P9), showing abnormal vessels in the inner retina and few vessels in the outer retina (Richter et al., 1998) .
Ndp knock-out mice have an eye phenotype that resembles that in human Norrie disease, suggesting that this mouse may be a good model to study other abnormalities associated with the disease. Therefore, we examined the hearing phenotype using audiology, histology, and vascular perfusion techniques. We found that knock-out mice had progressive hearing loss beginning at 3 months of age, whereas controls retained normal hearing to at least 15 months of age. We also showed that this hearing loss is very similar to Norrie disease in humans. Histology of cochleas from the knock-out mice revealed that the earliest primary site of cellular pathology occurs in the stria vascularis, with other regions affected secondarily. Histology and fluorescent dye fills of vasculature showed an abnormal variation in vessel size in knockout mice and loss of more than one-half of the vasculature as the hearing loss progressed. These observations suggest that one of the principal functions of norrin is to regulate interaction of the cochlea with its vasculature.
MATERIALS AND METHODS
Animals. Norrie disease mice were generated by targeted deletion of the Ndp locus as described previously (Berger et al., 1996) . The original Ndp mutation was made in the 129/Ola mouse strain and then backcrossed to C57BL /6 for five generations. This strain was then out-crossed to 129/Sv for two generations for initial analyses. Subsequently, mice were outcrossed once into the CD1 strain (129/CD1) and then out-crossed twice into the CBA /C aJ background. This later strain was used because it has much less age-related hearing loss than others (Z heng et al., 1999) . The results reported here are from the CBA /C aJ strain. In all experiments, wild-type controls were littermates of the Ndp knock-out mice. Genotyping was performed by PCR of DNA extracted from tail biopsies, as described previously (Berger et al., 1996) .
Mouse auditor y tests. Auditory brainstem responses (ABRs) were measured using a closed-field, calibrated sound system and measured responses to tone bursts ( Fig. 1 A) ; in this case, thresholds are specified in terms of decibels sound pressure level (dB SPL). For both methods, mice were anesthetized with ketamine (100 mg / kg, i.p.) and xylazine (Rompun; 10 mg / kg, i.p.) and kept in a heated chamber. The left ear was tested. No surgery was performed except occasionally when the left tragus was cut to increase access to the ear canal. The frequencies tested included 5.7, 8, 11.3, 16, 22.6, 32, and 45.3 kHz. Stimuli were of alternating polarity and repeated at 40 sec Ϫ1 . Tone bursts were of 10 msec duration with a 0.5 msec rise -fall time. Stimulus levels were spaced 10 dB apart. Responses were filtered and amplified 10,000 times. At each sound level, 128 responses were averaged.
Vestibular tests. Mice were placed into a water tank to assess their ability to swim and stay upright. Brn-3.1 knock-out mice (which lack f unctional hair cells) (X iang et al., 1996) were used as positive controls; wild-type littermates were used as negative controls.
Histolog y. Mice were anesthetized with urethane (1.5 gm / kg, i.p.) and perf used intracardially with 5 ml of PBS/0.1% sodium nitrite followed by 5 ml of 4% paraformaldehyde. Cochleas were dissected and then fixed and decalcified in 10% formalin /0.14 M EDTA for 4 -5 d with a daily change of solution. The tissues were then treated with osmium tetroxide, dehydrated in graded alcohols, equilibrated in propylene oxide, and embedded in Epon (Electron Microscopy Sciences, Fort Washington, PA). The embedded cochleas were sectioned at 2 m and stained with 1% toluidine blue.
Vasculature anal ysis. Mice were anesthetized by injection with urethane (1.5 gm / kg, i.p.) and perf used intracardially with 4 ml of 10 mg /ml FI TC -labeled dextran (Sigma, St. L ouis, MO). Cochleas were dissected, fixed in 4% paraformaldehyde, and decalcified as described above. Cochleas were hemisectioned by cutting perpendicular to the axis of the modiolus between the base and apical turn. Each half was mounted for fluorescence imaging. The eyes were also dissected; the corneas were removed and the retinas were separated from the choroid. Four cuts were made in each retina to allow it to lay flat. Serial confocal images were taken every 5 m over the entire thickness of the retina (125 m). The images were separated into two groups and then merged to form two final images for each retina, as depicted in Figure 6G -J (the top 13 sections were merged to represent the inner retina and the bottom 13 sections were merged to represent the outer retina). The images shown in Figure 6 are limited to the central portion of the retina; however, similar observations were seen in the periphery of the retina (data not shown). Imaging was performed using either a Radiance 2000 Confocal Imaging System (Bio-Rad, Hercules, CA) (see 
RESULTS

Auditory tests
ABRs were recorded from Ndp knock-out mice and littermate controls (CBA/CaJ strain) at three ages: 3-4 months, 6 -8 months, and 13-15 months (Fig. 1 A) . Although wild-type controls Figure 2 . Arrows indicate no response to the highest sound pressure level tested (85 dB SPL). B, Difference in average threshold shifts compared with a 3-4 month control average. Asterisks indicate statistically significant differences at the indicated frequency. C-F, Pathology in indicated regions of the cochlea in knock-out (red) and control (blue) mice, separated into three age groups. The system for rating pathology in the inner and outer hair cells and the spiral ganglion was based on the quantity of hair cells or neurons lost. The system for rating pathology in the stria vascularis was based on the presence of the various types of pathology described in Figure 4 . Ratings for each mouse in each region were averaged to get an overall rating for the group. Bars indicate 1 SD. The significance of separating the pathology into three regions is attributable to the tonotopic organization of the cochlea, with low frequencies detected in the apex ( A) of the cochlea, middle frequencies in the middle ( M ), and high frequencies in the base ( B). This allows comparison of the audiological data with the histopathology. maintained a relatively stable level of hearing at all ages, the knock-out mice showed a progressive hearing loss across all frequencies ( Fig. 1 B) . Hearing loss was initially more severe in the high frequencies but eventually progressed to a relatively flat, profound loss by 15 months. Exceptions were one knock-out mouse with substantial hearing loss at 3.2 months ( Fig. 1 A, mouse 20) and one that retained hearing in the middle frequencies at 13 months ( Fig. 1 A, mouse 332) .
We found similar progressive hearing loss in Ndp knock-out mice on a 129/Sv background. However, the natural hearing loss in this strain (Zheng et al., 1999) masked differences between wild-type and knock-out animals until the age of 15 months, when the knock-out mice become profoundly deaf (data not shown).
The hearing loss in the Ndp knock-out mice is very similar to that in human patients with Norrie disease. Figure 2 shows the audiogram of an affected 40-year-old individual, typical of that age, which reveals severe hearing loss elevating thresholds at all frequencies in both ears. As in the knock-out mice, there is a slightly higher loss at higher frequencies.
Vestibular tests
No behavioral signs indicative of vestibular defects, such as circling or head shaking, have been observed in Ndp knock-out mice. To look for more subtle defects in vestibular function, a swim test was performed. Although Brn-3.1 knock-out mice (which lack functional hair cells because of the missing transcription factor) (Xiang et al., 1996) tumbled in the water, unable to swim or stay upright, the Ndp knock-out and control mice were able to swim normally, confirming normal function of the vestibular system.
Histological analysis of the cochlea
A subset of mice was killed immediately after their ABR thresholds were measured. Toluidine-blue-stained plastic sections from the inner ears of the Ndp knock-out mice were compared with those from littermate controls. In the controls, all cochlear structures were preserved at all three ages (Fig. 3A,C) (6.5 months; data not shown). However, we found pathological changes in the knock-out mice that were consistent with the audiological deficits. These changes were first observed at 3 months. It should be noted that cochleas from knock-out mice at P12 appeared normal by histological analysis (data not shown).
To measure the pathological changes and determine which are primary and which may be secondary to other degeneration, the pathology was quantified. In all cochlear structures in every region (apex, middle, and base) of a middle section of the modiolus, changes were rated subjectively. From this analysis ( Fig.  1 A-D) , it is clear that the stria vascularis is the structure most affected in all age groups. Significantly enlarged vessels were observed in the stria vascularis, particularly in the apex of the cochlea (Figs. 3B, 4 B) , as were a variety of other pathological changes (Fig. 4C-F ) . A gradual loss of outer hair cells was observed, which is particularly consistent with auditory threshold increases. As the hearing loss progressed, the spiral ganglion began to degenerate: there was slight neuronal loss in mice aged 6.5 months and substantial loss by 15 months (Figs. 1 D, 2D) . Although inner hair cells in all turns were well preserved at the beginning of hearing loss, eventual loss of the inner hair cells occurred in advanced stages ( Fig. 1 E,F ) .
One exception to the trends described above was the presence of spiral ganglion pathology in the apex of a knock-out mouse at only 3 months. However, this can be explained by the much more advanced hearing loss in this young mouse (Fig. 1 A, mouse 20) .
Although most cochlear pathology consisted of cell loss, additional differences were observed in the stria vascularis of knockout animals (Fig. 4) . Large vessels were consistently observed, often with multiple endothelial cell nuclei per capillary cross section (Fig. 4 B, arrows) . Intercellular spaces observed in many sections (Fig. 4C,D) were uncharacteristic of healthy cochleas (Fig. 4 A) . An increase in nuclei in the intermediate cell layer in some areas (Fig. 4C, asterisks) as well as a complete loss of marginal cells in others (Fig. 4 E) were also seen in knock-out mice. In severe cases, the stria vascularis was almost completely degenerated and often accompanied by fibrocyte loss in the adjacent spiral ligament (Fig. 4 F) .
Despite the loss of nerve fibers and cell bodies in the spiral ganglion of the cochlea, innervation of the adjacent vestibular organs remained intact (data not shown), consistent with the behavioral tests that indicate normal vestibular function.
Cochlear and retinal vasculature studies
Because enlargement of the vessels of the stria vascularis was one of the earliest abnormalities in the knock-out mouse, we measured vessels in detail. The cross-sectional diameter and number of vessel cross sections per turn were tallied for all turns in each mouse aged 3-4 months (Fig. 5) . We found substantially more vessels with cross sections of Ͼ10 m (Fig. 5) ; the average vessel size was significantly larger ( p Ͻ 0.005) in the knock-out mice [7.4 Ϯ 6.1 m (mean Ϯ SD)] than in controls (4.5 Ϯ 1.9 m). However, the average vessel sizes of the two older groups of knock-out mice were not significantly different from those of the 3-to 4-month-old controls. This age-related loss of larger vessels may be part of the more general loss of vessels in the knock-out mice. Although the number of vessels per cochlear turn is similar in knock-out and control mice at 3-4 months of age, almost two-thirds of vessels were lost in 15-month-old knock-out mice ( p Ͻ 0.005) (Fig. 5, inset) .
To differentiate a dilation mechanism of vessel enlargement (which could be artificially induced) as opposed to a more per- Figure 2 . Audiogram of a 40-year-old patient with Norrie disease. Symbols (ϫ, left ear; E, right ear) represent threshold response levels for the tones at the indicated frequencies relative to normal. There is a severe bilateral sensorineural hearing loss with elevated threshold (lower sensitivity) for sounds at all frequencies. The arrow indicates no response at the highest sound level tested. manent structural difference, each capillary cross section of Ն13 m was scored for the number of nuclei and compared with capillaries of Ͻ13 m from the control and knock-out mice. The average number present in the large vessels of the knock-out mice was 1.8 Ϯ 1.4, significantly more than in the normal-sized vessels of the control mice (0.68 Ϯ 0.56; p ϭ 0.01) or knock-out mice (0.52 Ϯ 0.58; p ϭ 0.0025).
To better assess the entire vasculature of the cochlea, mice were perf used with FI TC -labeled dextran and whole turns were visualized using confocal microscopy. The large vessels observed in histological sections were also observed through this method, as were a general disorganization of blood vessels and the lack of a well developed capillary bed (Fig. 6 B,D,F ) . These changes were particularly pronounced in the apical portion of the cochlea (Fig. 6 B,F ) , consistent with the histological data. Although large vessels were not seen in the spiral ganglion vasculature, this region did show a poorly developed capillary bed (Fig. 6 F) .
In addition to the ages examined for histology and hearing loss (3-4, 6 -8, and 13-15 months), perfusions were also performed on mice as young as 1.5 months of age. Although some enlarged vessels were seen at this age in the knock-out mice, the changes were much less substantial compared with those observed at Ն3-4 months (data not shown). This is consistent with the normal histology present at P12 and may indicate a degenerative pathological process that occurs after normal development of the cochlea.
For comparison with the cochlear vascular phenotype, we also examined the retinas of the FITC-perfused mice. Some similar changes were seen, including a lack of a well developed fine capillary network in both the inner and outer retina layers (Fig.  6G-J ) . Particularly striking was the absence of any vascular development in the outer retina of the knock-out mice (Fig. 6 I,J ) .
DISCUSSION
We have demonstrated progressive hearing loss leading to profound deafness in Ndp knock-out mice. The loss is similar to that in human patients with Norrie disease; it is progressive, affects all frequencies, and is more severe in the high frequencies. Although there is some variability in the severity and age of onset, the penetrance appears to be complete. Early descriptions of the human Norrie disease clinical phenotype document a much lower incidence, with only one-third of patients expressing hearing loss. Although this difference may result from the lack of genetic variation in an inbred mouse strain, there are several other possible explanations. First, many studies were based on selfreporting of hearing status without audiological testing, possibly missing milder hearing losses. Second, because the onset of the hearing loss ranges from 4 months to 45 years (Gorlin et al., 1995) , many patients may not have been followed long enough to detect this phenotype. In a study of 53 patients with Norrie disease from 14 families, 32 were tested audiometrically and hearing loss was found in 27 (Parving and Warburg, 1977) . The five with normal hearing were all under age 20. Furthermore, a recent study of two groups of patients from the United States and Costa Rica showed hearing loss in every individual with Norrie disease who was tested, except for a child 2 years of age (Halpin and Rehm, unpublished observations). Thus, the human audiological phenotype is much more frequent than reported previously, and the high penetrance and progressive nature of the hearing loss in the knock-out mice is consistent with the human disease.
There are limited data on hearing function and pathology from patients with Norrie disease. In an electrophysiological study of three patients with hearing loss (ages 22, 27, and 30 years) (Parving et al., 1978) , measurements of cochlear microphonics (testing hair-cell function) and brainstem potentials (testing auditory brainstem function) were normal, whereas whole-nerve action potentials (testing spiral ganglion and cochlear nerve function) were abnormal. This analysis suggests a defect in the spiral ganglion neurons with initial preservation of hair cells but does not rule out an additional lesion in the stria vascularis. In addition, the only temporal bone study documented was performed postmortem on a 77-year-old patient with Norrie disease who had A, Portion of the apical turn of the stria vascularis in a 2-month-old control mouse. B, Apical turn of a 2-month-old knock-out mouse. Note the enlarged capillary on the left and the thin and sparsely distributed vessels on the right. C, Basal turn of the stria vascularis in a 2-month-old control mouse. D, Basal turn of the stria vascularis in a 2-month-old knock-out mouse. Note the large vessel at the bottom. E, Top view of the apical turn of the cochlea in a 3.5-month-old control mouse. F, Similar view of the cochlea in a 3.5-month-out knock-out mouse. Note the large vessels in the stria vascularis (sv) and sparse distribution of vessels in the spiral ganglion (sg). G, Inner retina from a 13-month-old control mouse. H, Inner retina from a 13-month-old knock-out mouse. I, Outer retina from a 13-month-old knock-out mouse. J, Outer retina from a 13-month-old knock-out mouse.
[The partial vasculature at the top of the image is attributable to a fold from the inner retina (see top of H ).] become profoundly deaf (Nadol et al., 1990) . Unfortunately, this specimen was not highly informative because of the late stage of disease. Almost all cochlear structures showed degeneration, including the stria vascularis, spiral ganglion, and organ of Corti, reminiscent of that observed in the knock-out mice after 13 months. As a consequence, the study of the knock-out mouse model is the only method available to examine the early stages of the cochlear pathology.
The stria vascularis is the structure most consistently affected in all cochlear regions and at all stages, suggesting that this is the location of the earliest primary lesion. Abnormalities were observed at the earliest stage examined, even in mice with very little hearing loss; these included enlarged vessels and cellular pathology in the stria vascularis (Fig. 4) . Pathology in the stria vascularis worsened as the hearing loss progressed.
In addition, loss of outer hair cells was correlated with the rise in auditory threshold. In early stages, the greatest loss was in the basal turn, which is consistent with the more pronounced highfrequency loss. Because the function of outer hair cells is dependent on the endocochlear potential generated by the stria vascularis, loss of outer hair cells is likely to result from strial dysfunction. Supporting this idea is the more significant pathology and hearing loss in the basal turn, which is known to be more susceptible to endocochlear potential abnormalities. In contrast, the inner hair cells were well maintained until the onset of profound deafness.
The neurons of the spiral ganglion also showed a gradual degeneration, leading to severe loss by 15 months of age. Although this pathology was not present as early as the strial pathology, the spiral ganglion may still be affected as a primary consequence of the absence of norrin. The presence of norrin expression in the spiral ganglion neurons, along with an early abnormal vasculature in this region, would support this idea.
Interestingly, at least one human patient with Norrie disease has received a cochlear implant, and it has functioned well for over 12 years since the onset of profound deafness. Thus, the loss of spiral ganglion neurons is apparently not complete in human patients, and the nerves can be maintained for a prolonged period, if not indefinitely, with electrical stimulation.
The primary site of pathology is consistent with the location of Ndp gene expression. Predominant expression in the cochlea is in the neurons of the spiral ganglion and marginal cells of the stria vascularis, with minor expression in the spiral ligament (Chen, unpublished observations) . Although norrin is a secreted factor and could therefore diffuse and interact with other cell types, protein-binding studies have suggested that it has limited diffusional capacity and may be bound by the extracellular matrix (Perez-Vilar and Hill, 1997; Rehm, unpublished observations). Thus, the site of action of norrin matches the sites of cochlear pathology in Norrie disease.
One of the earliest inner-ear phenotypes observed in knockout mice is an abnormal cochlear vasculature. In particular, the abnormally large vessels and the lack of a well developed capillary bed in both of the two major vascular systems of the cochlea suggest a defect in either the development or maintenance of these systems. Knock-out mice show similarly improper development of the retinal vasculature, including vessels of highly varied sizes, a poorly developed capillary bed, and a lack of penetration of the vessels into the outer layers of the retina (Richter et al., 1998) . Furthermore, the cochlear vasculature eventually degenerates, with two-thirds of the vessels lost by 15 months. This may either be secondary to the tissue degeneration in the stria vascularis (and decreasing demand for blood supply) or may be attributable to a dysfunctional association of the vasculature with surrounding cells.
A defective interaction between the marginal cells and the vessels could explain the aberrant vascular structure in the stria vascularis. During normal development, the capillary vessels of the stria vascularis grow from the neighboring spiral ligament capillary network (Ando and Takeuchi, 1998; Iwagaki et al., 2000) . These strial capillaries are then surrounded by extensions of the marginal and intermediate cells (Anniko and BaggerSjoback, 1984; Takeuchi et al., 2001) . Because the marginal cells express Ndp, norrin may facilitate the interaction between the marginal cells and the capillaries. Without norrin, the cells of the stria vascularis might malfunction because of a diminished ability to acquire nutrients and gases from the vascular system. This would be followed by a shift in the hearing threshold as the endocochlear potential and high potassium concentrations, generated by the stria and needed for hair-cell function, decline (Sewell, 1984) .
Interestingly, an additional phenotype that has been associated with Norrie disease is venous insufficiency (Rehm et al., 1997) . Although this peripheral vascular disease has been described in only one large kindred, the same phenotype was found recently in an unrelated patient with Norrie disease (Rehm, unpublished observations) , suggesting a more direct relationship with Norrie disease mutations. As such, this abnormality of the peripheral vascular system may indicate a more broad role for norrin in the vascular system.
The stria vascularis and possibly the spiral ganglion neurons, and the vascular systems associated with these structures, are apparently the major sites of cochlear dysfunction in Norrie disease. Although the exact function of norrin in the cochlea remains to be elucidated further, the common theme of disrupted vasculature in the ear and the eye, as well as other peripheral sites, implies an important role in basic vascular biology and in the intimate connections a tissue makes with its vascular support.
